ABSTRACT: Migration patterns of wild Atlantic salmon Salmo salar smolt were examined in a coastal embayment in the Gaspé peninsula of Québec, Canada. Twenty-four smolt in 2005 and 30 in 2006 were tagged with coded ultrasonic transmitters, and their migration throughout the bay was monitored using an array of fixed VR2 hydrophone receivers. Migration patterns were complex, with some smolt taking a direct route through the coastal embayment and others repeatedly changing direction over short spatial and temporal scales. Migration was mainly an active process with an overall outward (seaward) migration in the face of an inward residual circulation. Swimming direction was mainly outward during nocturnal inflowing currents but was more dispersed during daytime and nocturnal outflowing currents; swimming speed was greater during daytime than during nighttime. This pattern was consistent with smolt migrating offshore nocturnally and using daytime for prey detection and predator avoidance. Salinity had a strong effect: exposure to more saline waters caused increased swimming speeds. These observations are consistent with the hypothesis that smolt exploit an innate compass to maintain a preferred bearing and that the speed and direction of swimming is controlled by salinity and the diurnal cycle.
INTRODUCTION
The migration of salmonid smolt from the freshwater habitat, through the surface waters of estuaries and into the pelagic marine environment as part of their anadromous lifecycle is a mixture of passive and active processes (reviewed by Holm et al. 2003) . Water flow tends to passively displace the position of any individual within the water body. However, salmonid smolt may actively influence the rate at which they move by swimming (Finstad et al. 2005) . Some authors have found distinct periodicities, with smolt migrating seaward during the ebb tide, suggesting a passive component to the migration (McCleave 1978 , Tytler et al. 1978 , Aprahamian & Jones 1997 , Lacroix et al. 2005 . Other authors have found evidence of active migration, such as smolt moving against tides (Moore et al. 1998) or independently of current direction (Thorstad et al. 2004 (Thorstad et al. , Økland et al. 2006 .
Given that smolt mainly migrate though the uppermost layers of estuarine and marine water bodies (Dutil & Coutu 1988 , Reddin & Short 1991 , Shelton et al. 1997 , Holm et al. 2000 , Rikardsen et al. 2004 , Reddin et al. 2006 , conditions in this layer are likely to have the most effect on the direction and speed of migrating smolt. Most research has focussed on the influence of current flows and salinity gradients (Holm et al. 1982 , Moser et al. 1991 , Thorstad et al. 2004 ). Other mechanisms, such as celestial or magnetic cues (Taylor 1986) or changes in water chemical composition as detected by olfaction (Stabell 1984) , may also play a role.
Smolt migration patterns and their underlying mechanisms have come under increasing scrutiny, particularly with the advent of small ultrasonic transmitters, which allow accurate monitoring of smolt positions (Voegeli et al. 1998 ) either through the use of an array of fixed hydrophones (Finstad et al. 2005 , Lacroix et al. 2005 or by the use of mobile tracking (McCleave 1978 , Tytler et al. 1978 . Telemetry studies have used both wild and hatchery-reared smolt. This distinction is important as hatchery-reared smolt may show different behaviours, and thus different migration patterns, compared to wild smolt (Tytler et al. 1978 , McCormick et al. 1998 .
There is increasing concern that greater rates of marine mortality documented among Atlantic salmon over the past decade may be largely incurred in the near-shore coastal zone, where smolt may be exposed for the first time to a large field of predators (Blackwell & Juanes 1998 , Dieperink et al. 2002 . It is thus imperative to understand the mechanisms employed by Atlantic salmon during this early stage in the marine migration and the influence of environmental factors on migratory patterns.
In the present study, empirical statistical modelling was used to determine the influence of environmental properties on the spatial and temporal migration patterns of wild Atlantic salmon smolt with the objective of determining the relative importance of passive and active processes underlying the migration. We used Gaspé Bay, a coastal embayment in Québec, Canada, as a study area. In particular, analyses focussed on the interaction between smolt movements and surface currents, salinity gradients and celestial effects at the smallest spatial scales possible. Detailed measurements of salinity and current flows were made. From the spatial and temporal patterns that were found, a methodology was developed that enabled analysis of their effects on smolt migration through a dense array of fixed hydrophones in this embayment.
MATERIALS AND METHODS
Study area. Gaspé Bay is a coastal embayment on the northeastern coast of the Gaspé peninsula in Québec, Canada (48.85º N, 64.45°W) (Fig. 1) . The bay is composed of 2 distinct areas: a partially enclosed inner bay and an open outer bay. The inner bay is wide (> 4 km) and shallow (maximum depth of 25 m) relative to its length (ca. 10 km). It is separated from the outer bay by a sandbar (Sandy Beach), which is submersed at high tide. There is a relatively deep channel in the north (ca. 1 km wide and 20 m deep) where the bulk of the interchange of water between the inner and outer bays occurs. The bay receives freshwater input from the York River and Dartmouth River in the inner bay, and the St. Jean River in the outer bay. The bay is typically vertically stratified in summer, with a surface layer of relatively warm and fresh water of riverine origin overlying a layer of colder saline water of maritime origin (Carrière 1973 , Koutitonsky et al. 2001 ). Water circulation is driven by tides (Godin 1988) , wind (Koutitonsky & Bugden 1991) , pressure gradients and river flows. Patterns of circulation are complex (Pettigrew et al. 1991) , suggesting that tidally driven surface currents are strongly modified by other forces. In particular, the role of wind forcing within the inner bay may be more pronounced than in most estuaries due to the sandbar that partially obstructs tidal flows.
For the purpose of this study, smolt movements within the bay are defined as being 'outward' (directed towards the sea in the east) or 'inward' (directed towards the land to the southwest and west).
Smolt capture, tagging and tracking. Patterns of smolt migration were determined by acoustic telemetry. Wild Atlantic salmon smolt were collected 16 km upstream from the river mouth in the York River with a Pennsylvania trap between 30 May and 10 June 2005 (5163 smolt captured) and between 20 May and 5 June (Fig. 1) . In the inner bay, hydrophones were moored on a grid shaped along transects to ensure complete spatial coverage. Transmitter detection range varied between 200 and 700 m, but was mainly 300 to 400 m. Based on this information, the interval between transects and hydrophones on a given transect was 800 m in 2005 and 700 m in 2006. To verify that smolt leaving the inner bay continued their migration through the outer bay, a linear array of hydrophones was moored across the outer bay within a distance of 10 km of the inner bay (Fig. 1) .
Given that smolt positions were interpolated from measurements made at the hydrophones, it was necessary to determine the accuracy of the interpolation. This was done by simulating smolt movements through the hydrophone array using 3 transits (4 to 5 h) made with a transmitter attached to the outside of a boat below the water. Transits were conducted in areas encompassing the most smolt movements. GPS coordinates of the boat transmitter were obtained at every 20 m to compare observed positions to interpolated positions based on the moored hydrophone recording data.
Analysis of the telemetry data. The dense array of hydrophones in the inner bay enabled smolt positions to be interpolated at a fine spatial scale. Smolt positions were estimated using a running-line smoother plus linear interpolation (Becker et al. 1988) . For each smolt, the running-line smoother (span = 0.05) was fitted to the detections from the hydrophone array, separately establishing the relationship between easting and northing as a function of time. Linear interpolation was then used to determine the position of the smolt at 10 min intervals throughout its detection period in the hydrophone array. This approach differed from the more commonly used weighted-mean approach (Klimley et al. 2001 , Simpfendorfer et al. 2002 , which was found to provide physically unrealistic velocity estimates. The estimated smolt positions should be viewed as a centre of activity of the smolt rather than the actual position (the same rationale as that of the weightedmean approach). For comparison, smolt positions were also interpolated using the weighted-mean approach.
Characterization of the physical habitat. Tidal elevation was predicted using the WTides software package (www.wtides.com). The accuracy of this prediction for this bay was verified by comparing predicted values with observed values from a small boat harbour in the southwest of the inner bay in 2005. Wind data were obtained from an onsite Vantage Pro2 anemometer (Davis Instruments), which provided a continuous record at 10 min intervals.
Data on surface currents and salinity were obtained during 2 sampling campaigns: (1) a preliminary campaign in 2005 that provided a comprehensive spatial coverage but limited temporal coverage; and (2) a more detailed campaign in 2006 that provided a complete temporal coverage (i.e. measurements were made throughout the period when smolt were migrating) while maintaining some element of spatial coverage.
In the preliminary sampling campaign of 2005, current flow was determined by 105 Lagrangian buoys, released at 13 stations throughout the inner bay between 28 May and 18 June 2005 during both ebb and flood tides and under a variety of wind conditions. A GPS mounted on each buoy determined its position at 5 min intervals. Typically, 2 buoys were released at a time, and were left in the bay for 1 to 2 h. Surface salinity (practical salinity unit, PSU) was determined at 71 stations throughout the inner and outer bay by a SEACAT Profiler CTD data logger (SeaBird Electronics).
In the campaign of 2006, current flow was determined by instruments sited at fixed positions within the bay -an acoustic Doppler current profiler (ADCP) (Ocean Instruments) and 3 recording current meters (RCMs) (AANDERAA). The ADCP was sited on the bed of the channel connecting the inner to the outer bay ( Fig. 1 ). It measured horizontal velocity at 30 min intervals along a vertical profile in a series of layers. Current velocity measurements from the layer centred at a depth of 2.7 m (from 0.46 to 4.94 m below the surface) were used for analysis because this was the depth believed to be occupied by migrating smolt. The RCMs were positioned 1 m beneath the surface at sites around the inner bay using moored buoys. A 1 m depth was chosen because it was near enough to the surface that the near surface flows affecting smolt migration could be measured, but was deep enough that estimates of current speed would not be influenced by surface waves (Sherwin 1988) . Surface salinity was measured at 10 min intervals throughout the period of the smolt migration by SEACAT Profiler CTD data loggers fixed to the RCMs.
Spatial heterogeneity of current flow was determined by estimating the correlation of current speed and the angular deviation of current direction as a function of distance using (1) the displacement of the pairs of buoys during 2005 and (2) the fixed current instruments (the ADCP and the RCMs) deployed in 2006 (see Batschelet 1965) . Autocorrelation functions were applied to the predicted tidal elevation and the measurements of current flow and salinity from the data of 2006 to determine (1) the existence of temporal periodicity and (2) the relative strength of the temporal dependence.
Analysis of smolt migration and relationships with the physical habitat. Smolt migration within the bay was analyzed using a 2-tier method: (1) synoptic patterns of migration were examined using all smolt data (2005 and 2006) ; and (2) the relationship between smolt movements and properties of the physical environment was then examined using a subset of the data from 2006 (for which there were more environmental data).
Synoptic patterns of smolt migration were examined to determine how they differed between the inner and outer bays, between the years, and according to smolt size. Comparison of centre-of-activity smolt velocities between the inner and outer bay was not possible because centres of activity could not be estimated in the outer bay (due to the sparseness of the hydrophone array). Therefore, a direct-line ground speed was determined for each smolt in each of the inner and the outer bays. This speed was the Euclidean distance between the points of entrance and exit of the area encompassed by the hydrophone array (in the inner and outer bay) over the time period between entrance and exit.
The relationship between smolt migration and properties directly affecting the smolt was determined when smolt were in proximity (a range of 400 m or less) to the fixed current instruments and the CTD dataloggers for the 2006 dataset. This range was determined empirically. Smolt swimming velocity was estimated at 10 min intervals by calculating the difference between current velocity and smolt ground velocity (smolt ground velocity being defined as smolt displacement over time, regardless of the extent to which this displacement was active or passive). Given the reliance of these calculations upon the measurements of current velocity, it was only possible to estimate smolt swimming velocity in the proximity of the ADCP and RCMs 1 and 3 (the speedometer in RCM 2 failed during the experiment). From smolt swimming velocity, direction and speed were estimated. A comparison was then made of smolt swimming patterns (both direction and speed) under differing conditions: (1) current direction and presence/absence of daylight, (2) solar azimuth, and (3) salinity gradient. Analysis of the effect of current direction and presence/absence of daylight was determined for all smolt in proximity to the fixed instruments (ADCP, RCMs 1 and 3) using 4 categories: inflowing current during nighttime, outflowing current during nighttime, inflowing current during daytime, and outflowing current during daytime. Analysis of the effect of solar azimuth was determined for all smolt in proximity to the fixed instruments using 2 categories: easterly solar azimuth and westerly solar azimuth. Analysis of the effect of salinity gradient was determined for smolt in proximity to CTD 1 using 2 categories: a negative salinity gradient (salinity at CTD 1 greater than at CTD 2), and a positive salinity gradient (salinity at CTD 2 greater than at CTD 1). Salinity data from CTDs 1 and 2 were used for analyzing the effect of salinity because they were in close proximity, so it could be assumed that a gradient detected between these 2 instruments would exist within the space separating them. For both analyses of the effect of azimuth and the effect of salinity gradient, the sample size was greatly reduced (only daylight hours were used for analyzing the effect of azimuth and only smolt data from CTD 1 were used for analyzing the effect of salinity gradient), so it was not possible to examine interaction effects with other environmental properties.
RESULTS

Interpolation of smolt centres of activity
Boat-mounted transmitter transits within the inner bay, as recorded by the onboard GPS, were similar to those predicted using the running-line smoother method. No significant difference existed between the observed and estimated coordinates for either the easting (correlation test, t 1630 = 475.38, p < 0.001, r = 0.99) or the northing (correlation test, t 1630 = 181.59, p < 0.001, r = 0.97), and no significant difference existed between observed and estimated velocities for either the x-component (correlation test, t 1629 = 41.74, p < 0.001, r = 0.71) or the y-component (correlation test, t 1629 = 34.86, p < 0.001, r = 0.65). This was a large improvement on estimates from the weighted-mean approach: r = 0.84 (northing), r = 0.4686 (easting), r = 0.0100 (velocity x-component), and r = -0.0046 (velocity y-component).
Surface currents and salinity in Gaspé Bay
Buoy displacements in 2005 showed a complex circulation pattern dominated by eddies at multiple spatial and temporal scales. The difference in speeds and angular deviations of pairs of buoys increased as a function of separation distance. At separation distances of less than 400 m, current speeds were similar (correlation test, t 33 = 13.10, p < 0.001, r = 0.91). At separation distances of several km, correlations were never greater than 0.35. Angular deviations from the buoy measurements were consistently less than 20°at separation distances of less than 400 m, but increased rapidly at greater distances. As evident from the fixed instruments in 2006, currents were heterogeneous over short temporal scales (Fig. 2) . The relationship between current flows and tidal and wind forcing was relatively weak, although major changes in wind direction were associated with major changes in current direction. Autocorrelation functions showed distinct periodicities at the ADCP and RCM 1, which were similar to those of the periodicity in tidal gradient, suggesting that tidal forcing affected the residual current Surface salinity varied greatly both spatially and temporally (Fig 3) . Across-bay gradients were found in both 2005 and 2006, but salinity patterns were dominated by fine-scale heterogeneity. Across-bay gradients were weak in 2006 and a gradient of increasing salinity from CTD 1 to CTD 2 did not always exist. Autocorrelation functions showed a salinity periodicity in CTDs 1 and 3, suggesting a tidal effect. Salinity was greater during inflowing currents (23.52 PSU) at CTD 1 than during outflowing currents (22.28 PSU) (t-test, t 2076 = 12.97, p < 0.001). This effect was not apparent at CTD 2 or CTD 3, which appeared to be more subject to eddying. Mean surface salinity greatly differed between 2005 and 2006. Through the period of sampling in 2005, no consistent temporal trend in salinity occurred (mean salinity in the inner bay was 14.84 PSU), whereas for 2006, mean salinity measured by the CTDs was 6.39 PSU prior to 22 May, but was 22.77 PSU from 22 May to 30 June. The increase in surface salinity occurred in less than a day. During the period of increase, the difference in salinity between CTD 2 and CTD 1 increased markedly, suggesting that there was an intrusion of saline water into the inner bay. (Fig. 4) . The most common method of migration between the inner and outer bay was through the channel: of the 39 smolt that migrated from the inner to the outer bay, 34 used the channel while 5 crossed the sandbar at high tide. For those migrating through the channel, the initial pattern was approximately evenly split between smolt that took a direct route (13 smolt) and smolt that initially migrated towards the sandbar before deviating towards the channel (14 smolt), with a smaller number of smolt taking a more complex route (7 smolt). Tidal elevation appeared to have an effect on the route that smolt were able to take: if the smolt initially migrated towards the sandbar, they were only able to cross it to the outer bay under conditions of high tide; if they arrived at the sandbar at low tide, they were forced to deviate either northward or southward.
Synoptic pattern of smolt migration
Smolt residence time in the inner bay in 2005 (mean = 0.96 d; range = 0.27 to 2.03 d) was significantly greater than in 2006 (mean = 0.45 d; range = 0.13 to 2.08 d) (t-test, t 17.25 = 2.51, p = 0.02) (Fig. 5) . The direction of displacement of the smolt population in the inner bay in 2006 was significantly more focussed outward than in 2005 (circular ANOVA F-test, F 1,3193 = 133.6, p < 0.001) (Fig. 5) . There was no significant effect of smolt size on migration.
For the smolt from 2005 and 2006 that passed through both the inner and outer bay, smolt direct-line ground speed in the inner bay (mean = 15.2 cm s -1 ) was significantly slower than in the outer bay (mean = 27.5 cm s 
Passive versus active migration and mechanisms of orientation
Throughout the time when smolt were within a range of 400 m of the fixed instruments, there was clear evidence of active migration. The main current direction in the inner bay was inward, whereas smolt showed a bimodal migration pattern with both inward and outward migration (Fig. 6a) . This difference was statistically significant (Table 1) . Mean smolt ground speed (16.4 cm s -1 ) was also significantly greater than mean current speed (7.5 cm s -1 ), suggesting an active component to the migration. Smolt migrated in both an inward and an outward direction during inflowing currents, but smolt migration was almost entirely outward during outflowing currents (Fig. 6b) . This difference was statistically significant (Table 1) . Mean ground speed during outflowing currents (19.9 cm s -1 ) was significantly greater than mean ground speed during inflowing currents (10.6 cm s -1 ). Smolt swimming direction was mainly outward (towards the northeast and east) (Fig. 7) . Swimming direction and speed were dependent on current direction and the presence/absence of daylight (Fig. 8, Table 2 ). Swimming direction was strongly focussed outward during inflowing currents during night; during other times, swimming direction was much less focussed. Swimming was faster during the day (21.2 cm s -1 during inflowing currents, 22.5 cm s -1 during outflowing currents) than the night (14.4 cm s -1 during inflowing currents, 13.7 cm s -1 during outflowing currents). Table 1 . Statistical comparisons of currents and smolt ground movement. Sample size for the analysis of the effect of speed is less than that for direction because RCM 2 only provided data on current direction and not speed (due to the failure of its speedometer) No effect of solar azimuth was present, in either swimming direction or swimming speed (Fig. 9 , Table 2 ). Salinity had a weak effect on swimming direction but a strong effect on swimming speed. Swimming direction during a positive salinity gradient was significantly different to swimming direction during a negative salinity gradient, but the general direction of swimming was outward under both conditions. Mean swimming speed was significantly greater when there was a positive salinity gradient (16.8 cm s 
DISCUSSION
The present study used an array of fixed hydrophones to determine migration patterns of Atlantic salmon smolt over a finer spatial scale than that of previous studies, providing new insights on fish migration. This fine resolution provided more accurate estimates of smolt swimming speeds because it increased the ability to measure changes in smolt position over fine spatial and temporal scales and detected movements that less dense arrays would have missed. For example, the mean direct-line ground speed of 15.2 cm s -1 (SD = 0.10 cm s -1 ), estimated solely from detections of smolt at the entrance and exit of the inner bay, was less than the mean ground speed of 27.5 cm s -1 (SD = 0.15 cm s -1
) estimated using the running-line smoother algorithm with detections from all hydrophones in the inner bay. Additionally, the fact that hydrophones were in close enough proximity for smolt to often be detected at multiple hydrophones over short time scales meant that it was possible to predict smolt centres of activity, rather than rely on the coarse precision of the nearest hydrophone (this interpolation has not been applied previously to salmon smolt).
Smolt migration patterns were complex and showed much directional variation, which may have been partially dependent on the complexity of circulation patterns in the bay. The coastal embayment in this study was characterized by a greater spatial and temporal heterogeneity in currents and salinity gradients than is found in the drowned river valley or fjord-type estuaries in which studies of smolt migration are typically conducted. For example, the embayment used in this study had localized short-term changes in current direction and salinity gradient, related to wind-driven surface flows. This heterogeneity will have affected the smolt migration, regardless of whether the mechanism was passive (smolt being displaced by currents) or active (smolt using current direction or salinity gradients for orientation).
Smolt migration was more directed outward and faster during outflowing currents. This concurs with 244 Fig. 9 . Salmo salar. Relationship between smolt swimming direction and speed and (a) solar azimuth (easterly vs. westerly) and (b) salinity gradients (negative vs. positive salinity gradient). For solar azimuth effects, all data in proximity to the fixed instruments (ADCP, RCM 1 and RCM 3) are used; for salinity gradient effects, only swimming data from smolt in proximity to CTD 1 are used. Box plots as in Fig. 5 the relatively high rates of seaward migration in estuaries during the ebb tide found in previous studies (see Tytler et al. 1978 , Aprahamian & Jones 1997 , Moore et al. 1998 ). This by itself does not suggest passive migration; it merely means that smolt migration was aided by outflowing currents. Additionally, active migration was indicated by the fact that throughout the time that smolt were migrating outwards, the residual current was in an inwards direction. Patterns of smolt swimming were clearly affected by the combined effects of currents, the presence/ absence of daylight, and salinity. Two patterns of swimming direction occurred: (1) swimming was focussed outward during nocturnal inflowing currents, and (2) a more diffuse pattern occurred during nocturnal outflowing currents and during the day (both during inflowing and outflowing currents). Inflowing currents were associated with an increase in salinity, so this was possibly a mechanism used for orientation. Although there was no indication of smolt exploiting celestial cues to achieve an outward orientation, a diurnal pattern of swimming speed was also apparent, with smolt swimming faster during the day but with a more dispersed directional distribution. Diurnal changes in smolt behaviour may have been related to foraging, which occurs mainly during the day as smolt require visual cues for detecting prey (Kadri et al. 1997) or avoiding predators . The pattern of smolt migration was, therefore, consistent with smolt migrating offshore nocturnally (which has been reported by Aprahamian & Jones 1997 , Moore et al. 1998 , using increases in salinity on inflowing currents for orientation, and using daytime hours for prey detection and predator avoidance.
Swimming speed was significantly related to salinity gradient, with smolt swimming speed increasing under conditions of a positive salinity gradient (salinity increasing away from CTD 1 towards CTD 2). This suggests that smolt were responding to salinity, actively swimming towards saline areas. This is the first time that a salinity gradient effect has been identified as a factor affecting active migration of smolt in water bodies when a strong salinity gradient is absent. The importance of salinity was also substantiated by the observation that migration was faster in (1) the more saline water of the outer bay than in the fresher waters of the inner bay and (2) the more saline waters of the inner bay in 2006 than in 2005 (resulting in the shorter mean residence time in 2006).
Smolt migration was shown to be a largely active process, with smolt swimming outward even though the residual current was inward. Although significant relationships existed between patterns of smolt migration/swimming and environmental properties, it was not conclusively shown that these properties alone were responsible for smolt orientation. For example, smolt actively swam against inflowing currents but did not actively swim against outflowing currents; smolt swam strongly against a positive salinity gradient but did not reverse their behaviour when there was a negative salinity gradient. These observations are consistent with the hypothesis that smolt exploit an innate compass to maintain a preferred bearing (reviewed in Dodson 1988 ).
In conclusion, Atlantic salmon smolt migrating from the York Estuary through Gaspé Bay demonstrated mainly active migration towards their offshore feeding grounds. The interplay between active migration and the demands of foraging remains to be clarified as does the nature of the compass mechanism underlying the migratory behaviour documented here. Exposure to more saline waters resulted in increased migration rates and exposure to positive salinity gradients resulted in greater swimming speed when fish were migrating outward. The high rate of displacement through the coastal zone afforded by active migration and rapid exposure to high salinities, even in the absence of persistent salinity gradients, should serve to accelerate the movement of smolt towards their offshore feeding grounds and minimize near-shore predation.
